Abstract Erosion processes and sediment yield over Serbian territory are reviewed, as well as the distribution of sediment load in the hydrological network in Serbia. The overview of erosion problems consists of an analysis of the main erosion factors over the Serbian territory, a review of field investigations of soil loss and a description of the erosion control measures implemented in the region. The review of sedimentation problems includes a presentation of the sediment budget of the hydrographie network of Serbia, an analysis of bed load transport in the main Serbian rivers and consideration of issues related to the reservoir siltation.
INTRODUCTION
The significance of soil erosion and related sediment problems is broadly recognized throughout the world. Erosion and sedimentation are part of the natural evolution of the landscape, but they constitute some of the most fundamental problems for the development of agriculture and forestry and for utilization of natural resources. Erosion and sedimentation processes are related to conditions in a river basintopography, geology, climate, hydrology, vegetation and sediment characteristics.
Erosion and sediment issues are often country-specific. Erosion problems in Serbia refer to both the on-site and off-site effects. The on-site effects are significant in the hilly and mountainous area, which represents about 75% of the Serbian territory. The soil loss of arable land in this area is considerable. On the other hand, the off-site effects of erosion are related to the excessive sediment transport in the streams downstream of an eroded area. In terms of sedimentation problems, reservoir siltation is of primary importance.
COUNTRYWIDE OVERVIEW OF EROSION PROCESSES
The Serbian territory is in the central part of the Balkan Peninsula and extends over an area of 88 000 km 2 . This territory consists of two different regions-the large Vojvodina plain to the north and the hilly and mountainous area to the south with the Danube and Sava rivers representing the border between them. Geomorphological features of the Serbian territory are strongly related to the soil erosion problems: wind erosion predominating in the northern plain, and water erosion in the southern region. It should be stated that the wind erosion is not considered in this paper and the further review of erosion problems relates to the erosion of soil by water.
The natural conditions in the southern part of the Serbian territory are favourable for the development of erosion processes. All three groups of erosion factors-energy, resistance and protection (Morgan, 1986 )-promote the soil erosion. The energy group includes the ability of rainfall and runoff to cause erosion. The relief in the southern part of Serbia is characterized by relatively steep slopes, which directly influence the power of the erosive agents. Considering the resistance factors, the significant erodibility of the soil and geological substrata should be mentioned. The geological structure of the major part of the considered area consists of rocks of high erodibility (conglomerates, schists, etc.) which contribute to the denudation processes. Resistant rocks (granites, andezites, etc.) are present in a smaller area of this region.
The protection group of erosion factors is related to the population density and land use. The average population density in Serbia is moderate-about 100 inhabitants per km 2 . The urban and rural populations are almost equal. Considering the land use in the southern part of Serbia, it should be stated that forest areas cover 27% of the territory, while cultivated land represents about 60% of this region. The cultivated land comprises about 50% arable land, 40% grasslands and pastures and 10% other uses.
The meteorological and hydrological conditions in the southern part of Serbia are heterogeneous. The mean annual precipitation ranges from 600 to 850 mm and the runoff from 5 to 15 1 s 4 km 2 . The rainfall intensity is variable and can be very high: the maximum daily precipitation can exceed 100 mm, while the maximum intensity is about 80 mm h'. The values of the rainfall erosivity index (r) in the USLE equation ranges from 50 to 150 within the Serbian territory.
In order to alleviate the erosion problems in Serbia, soil conservation and erosion control measures were implemented in the most affected areas. These measures included the standard agronomic methods of soil and crop management (contour tillage, mulching, etc.) and mechanical methods (terracing, grass waterways and structures). In addition, torrent control measures have been implemented, in order to prevent excessive sediment transport and reservoir siltation. From this point of view, check dams are the most effective structures.
Soil erosion surveys in Serbia consist of mapping and aerial photographs. This method permits the countrywide erosion hazard assessment. The general erosion map of the Serbian territory is shown in Fig. 1 . The whole territory is divided into three basic units corresponding to the high, medium and low erosion intensities. The northern region of Vojvodina plain belongs to the low erosion area (except the small hilly region). The river valleys in southern part of Serbia are also characterized by low erosion. The total area of low erosion intensity represents about 60% of Serbian territory. A medium erosion rate mostly corresponds to the hilly regions, extending to about 25% of Serbia. Finally, the area of high erosion corresponds to the mountainous region, with the steep relief, extending to 15% of the territory. The highest erosion intensity occurs on bare soil and in areas of deforestation. The design of erosion control measures is based on detailed surveys and mapping.
Estimates of erosion and soil loss rates for Serbian territory are based on empirical modelling and field measurements. The empirical formula for estimating the sediment yield is derived from field measurements of sediment transport in rivers and siltation rates in reservoirs (Petkovic, 1993) . This formula is based on the relationship between sediment yield and the meteorological, hydrological and géomorphologie factors for this area, in the following expression:
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(1) where g is the annual sediment yield of the river (m 3 km" 2 year 1 ), A is the watershed area (km 2 ), / is the géomorphologie factor, H is the hydrological factor and E is the erosion factor. The géomorphologie factor, / is expressed in terms of mean slope of watershed, S w and river channel slope, S R :
The hydrological factor, H is expressed in terms of unit area runoff in the watershed, q (m 3 km" 2 s" 1 ), and the ratio (ex) of the amount of daily precipitation over 20 mm and total annual rainfall, P A :
The erosion factor, E depends on the state of erosion processes in the catchment area, expressed by the index E 0 (ranging from 0.03, for very low erosion to 0.3, for excessive erosion) and the ratio e = A E IA (where A E is the area of high erosion):
The value of the constant (a) should be determined on the basis of regression analysis of available data on g, A, I, H and E. For Serbia, the value of a is 1.3 x 10
5
. Part of the database, concerning reservoir siltation, is presented in Table 1 . The calculation of unit-area sediment yield of some Serbian rivers, for given parameter values, using the described empirical formula, is shown in Table 2 . The comparison between measured and calculated values indicates reasonable agreement.
Field measurements of soil erosion in Serbia are carried out at two experimental stations. The work at experimental stations is based on standard erosion plots, of known area, slope steepness and length, soil type and vegetation cover, from which both runoff and soil losses are monitored Ilè §.
the relationship between soil loss and precipitation amount (for a single event), for different types of vegetation cover. This relationship for four different types of vegetation cover (bare soil, arable land, grassland and forest) and for given plot steepness (24%) is presented in Fig, 2 . It is evident that the considered range of rainfall depth, H r is 10-80 mm, as the soil loss was not observed for rainfall events with H < 10 mm. The measured values of soil loss, E, covered a very wide range from 10" 4 to 10 kg nï 2 . Considering the effect of vegetation cover, the minimum soil loss, ranging from 0.0001 to 0.035 kg m~2, can be related to the forest area. The observed range of E for the grassland is from 0.0005 to 0.28 kg m" 2 . The monitored values of soil loss for arable land and bare soil are much larger: for arable land, .Evalues range from 0.01 to 4.80 kg m 2 , while for the bare soil they are 0.04-7.40 kg va 2 . The effect of plot steepness on rates of soil loss is shown in Fig. 3 . The relationship between H r and E is given for two different slopes (8 and 24°) and two different types of vegetation cover (grassland and bare soil). It can be seen that the effect of plot steepness is much greater for grassland-the E values are roughly ten times larger for the 24° slope than for the 8° slope. However, the ratio for the bare soil is only 2:1. Consequently, it can be seen that the relationship between runoff and infiltration and processes of erosion and sediment transport by overland flow are significantly influenced by the presence of vegetation cover. It should be stated that the dispersion of experimental points in Figs 2 and 3 reflects the complexity of phenomena. The relationship between H and E is influenced by the rainfall intensity, which has not been measured. The results of erosion measurements at experimental stations in Serbia can be expressed in terms of average annual soil loss E AN (in t km" 2 year 4 ). The values of E AN are 2500-6500 t km" 2 year 1 for bare soil, 1200-3300 t km" 2 year" 1 for arable land, 50-220 t km" 2 year" 1 for grassland, and 15-120 t km" 2 year" 1 for forest. Published data (Morgan, 1986) show that the annual soil loss for bare soil in the UK and Belgium are 1000-4500, and 700-8200 t km" 2 year"\ land are 10-300 and 300-3000 t km" 2 year" 1 , respectively, and those for cultivated respectively. It can be concluded that the observed E AN values at the experimental stations in Serbia generally correspond to the range of erosion rates elsewhere in Europe. Data published in Zachar (1982) indicate a similar range of E AN . For arable land in the European part of Russia, observed E AN values are 1000-10000 t km 2 year 1 , while in France they are 1500-4500 t km" 2 year 1 . Estimation of total annual erosion rate for the Serbian territory is very difficult, because of the complexity of erosion processes and the diversity of natural conditions. However, it might be possible to estimate this value on the basis of erosion mapping, field investigations and empirical modelling. An evaluation of total annual soil loss from the Serbian territory indicates a range of 40-50 x 10 6 1 km" 2 .
SEDIMENT TRANSPORT IN SERBIAN RIVERS
The river network in the region of Serbia is relatively dense and includes a large number of water courses of different sizes, ranging from small creeks to very big rivers such as the Danube. The greatest part of the Serbian territory belongs to the Danube drainage basin. The most important tributaries of the Danube in Serbia are the Tisza, Sava and Velika Morava rivers. Figure 4 shows the basic river systems in Serbia.
Investigation of sediment transport in Serbian rivers is of increasing significance in the recent period, because of the serious sedimentation problems. Consequently, sediment measurements are carried out on all rivers which are important from the point of view of water engineering. However, the majority of measurements are related to suspended sediment discharge. Bed load measurements, because of their complexity, are carried out only on few rivers in Serbia.
Sediment monitoring methodology is standard and consists of daily sampling of water and sediment, with laboratory determination of the sediment concentration. The technique of sampling depends on the stream size-for large rivers, a special type of pumping sampler (with a 40 1 bottle) has been developed; the sampling of suspended sediment in smaller rivers is based on a simple bottle (1-5 1) sampler.
Daily measurements of suspended sediment concentration and daily recording of water level permit determination of the suspended sediment discharge for a given time period (using the water discharge rating curve). Thus, the annual suspended sediment discharge is known for a large number of Serbian rivers. Considering a longer time period (which depends on available time series for each station), the average value of annual suspended sediment transport can be determined. The distribution of annual suspended sediment transport over the Serbian territory is shown in Fig. 4 . It can be stated that the greater part of the total sediment transport originates from outside the country. The sediment input of the Danube and Tisza rivers (from Hungarian territory) is about 11 x 10 6 t, while the input of the River Sava (from Croatia) is about 3 x 10 6 t. Annual suspended sediment transport of the internal rivers is about 9 x 10 6 1.
The influence of the Iron Gate I reservoir on the River Danube on sedimentation processes in Serbia should be emphasized. This reservoir traps about 80% of the total sediment transport of the River Danube and it is probably the greatest sediment storage reservoir in Europe. According to the sediment management concept, the interdependence between erosion and sedimentation phenomena should be investigated. It is well known that sediment transport in rivers is related to the sediment yield from corresponding watersheds. The sediment transport rate in a given river can be expressed in terms of unit-area sediment yield. On the basis of field measurements of sediment transport in rivers and of the siltation of reservoirs, the correlation between the annual sediment yield, g (m 3 km 2 year* 1 ) and watershed area, A (km 2 ) can be established (Fig. 5) . The correlation between g and A in Fig. 5 shows the inverse relationship between these parameters: an increase of A corresponds to a decrease of g. Lower values of sediment yield are expected in larger river basins, due to the decrease of sediment delivery ratio with an increase of A. The correlation between g and A is characterized by a significant dispersion of points, caused by the complexity of erosion and sedimentation phenomena. Consequently, two envelope curves have been drawn on 1 . From field measurements on some rivers, the total annual bed load transport is estimated to be about 10% of suspended sediment transport. The results of bed load measurements in two Serbian rivers are presented in Table 3 , These results are also presented in Fig. 6 , in the standard hydraulic relationship between the dimensionless bed load transport parameters ( § and \\i). Given a value of 9 x 10 6 t of annual suspended load transport in internal rivers in Serbia, the corresponding value of bed load transport is about 1 x 10 6 t. Regardless of the smaller quantity of the bed load, its role is very important in river engineering, from the point of view of morphological evolution of rivers and siltation of reservoirs. Furthermore, the bed load is very significant from the sediment management viewpoint, particularly in dredging activities for civil engineering purposes. As far as sediment budget in Serbian rivers is concerned, there is a significant difference between the contribution of the bed load and suspended load. The suspended sediment budget is characterized by the continuity of sediment transport in the hydrographie network (from the eroded area, through the small creeks and greater streams, to the River Danube), However, the situation with bed load is quite different-there is no continuity of transport, because of varying hydraulic conditions and transport capacities of rivers. This discontinuity of the bed load transport occurs at the microscale (in several river basins), but also at the macroscale of the Serbian hydrographie network.
The largest internal rivers in Serbia (Fig. 4) are the River Velika Morava (beginning below the confluence of the Juzna Morava and the Zapadna Morava rivers) and the River Drina (on the border between Serbia and Bosnia). These rivers are the final recipients of bed load transport from tributaries over the largest part of the Serbian territory. The Velika Morava and Drina are typical gravel bed rivers, their river beds consisting of about 80% gravel (Fig. 7) . The bed load measurements in these rivers have been carried out over a period of 10 years. From the point of view of continuity of bed load transport, the coarser load (corresponding mostly to the gravel) is of particular interest. The average annual coarser bed load transport in the River Velika Morava is about 350 x 10 3 t. The inputs of the Juzna and Zapadna Morava are 210 x 10 3 and 120 x 10 3 t respectively (and the rest is the input of smaller tributaries).
The continuity of sediment transport along the River Drina is strongly affected by the presence of two dams and reservoirs (Zvornik and Bajina Basta). These structures stop bed load transport. Downstream of these dams, the bed load transport (Fig. 8) . The Danube is a large alluvial river, with a sandy bed (Fig. 7) . After the construction of the Iron Gate I Dam, a large backwater zone was created, extending 300 km along the River Danube. The tributaries are also affected-the backwater extends 100 km up the River Sava and 25 km up the River Velika Morava. The hydraulic effect of the Iron Gate I backwater, from the point of view of decrease of shear stress and bed load transport capacity, is much greater on the Velika Morava than on the Sava. Consequently, since the construction of the Iron Gate I Dam, hydraulic conditions no longer permit transport of the coarser bed load along the backwater zone of the Velika Morava. Thus, the backwater zone on the Velika Morava represents a deposition area for the gravel, transported from the upper reach of the river.
The input of coarser bed load from the Drina into the Sava exceeds the transport capacity of this river, because of the low channel slope and reduced stream power. Consequently, the reach of the Sava downstream of the mouth of the Drina represents a deposition zone for gravel from the Drina. The annual coarser bed load transport along the River Sava is limited to about 50 000 t. The final deposition of the gravel from the River Drina occurs in the backwater zone (from the Iron Gate I Dam) on the River Sava. Thus, the gravel transported by the Drina and Sava rivers cannot reach the River Danube. The grain size distribution of the Sava bed is influenced by the sediment transport conditions. The major part of the bed consist of sand, while the smaller part is gravel (Fig. 7) .
A sketch of the annual budget of coarser bed load in the main river system in Serbia is shown in Fig. 8 . It can be concluded that the Velika Morava and Drina rivers are the main recipients and transporters of gravel produced within the Serbian territory. However, all of this gravel is deposited in the backwater zone of the River Velika Morava and in the River Sava, so the gravel transported by the internal Serbian rivers cannot reach the River Danube.
From the engineering point of view, the sedimentation problems in Serbia concern principally river channel stability and reservoir siltation. In terms of channel stability, the main purpose of the river engineering works is related to the adjustment between sediment discharge and transport capacity. Sediment transport equilibrium is necessary, in order to prevent fluvial erosion and sediment storage in the river bed.
Reservoir siltation is a very serious problem in Serbia. Several reservoirs within the Serbian territory, such as, for example, the Zvornik reservoir on the River Drina, have lost a significant part of their storage volume because of sedimentation. The Iron Gate I reservoir traps about 15 x 10 6 t of River Danube sediment every year. However, because of the very large volume of this reservoir (about 2 x 10 9 m 3 ), sedimentation has not yet significantly affected its water storage capacity. It should be emphasized that in recent years extensive erosion control measures have been implemented over the Serbian territory, in order to reduce reservoir siltation.
CONCLUSIONS
Erosion and sedimentation problems in Serbia are very complex. Erosion processes extend over a large region, because natural factors, affecting soil erosion are favourable. However, the extensive erosion control measures have reduced the soil erosion intensity. Consequently, the mean erosion rate over the whole area is moderate.
The most serious erosion problems are related to soil loss from the cultivated land in the hilly and mountainous region of Serbia. The greatest soil loss occurs from the arable land on steep slopes. A possible solution is a change of land use, since the soil loss values of pastures and grasslands are much smaller than on arable land at the same slope. Field investigations of soil loss at erosion plots indicate that the erosion rates in the Serbian territory are similar to those of other European regions.
The greater part of total sediment transport in Serbia originates from outside the country. The mean annual sediment input from the Danube, Tisza and Sava rivers is about 14 x 10 6 1 compared to that from internal rivers of about 9 x 10 6 t year 1 . The total annual sediment transport represents about 20-25% of total annual soil loss within the Serbian territory.
Total annual bed load transport in Serbian rivers is estimated to be about 10% of suspended sediment transport in internal rivers, that is about 1 x 10 6 1 year" 1 . The bed load transport in the main fluvial system in Serbia is characterized by the discontinuity of transport of coarser material (gravel). The Velika Morava and Drina rivers are the principal recipients and transporters of gravel produced within the Serbian territory. All the transported gravel is deposited in the backwater zone of the Iron Gate I Dam, which extends to the Velika Morava and Sava rivers. As a result, the gravel transported by Serbian internal rivers cannot reach the Danube. The grain size distribution of bed material of the Danube, Sava, Drina and Velika Morava rivers closely reflects this discontinuity of coarser bed load transport.
